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Examination of published data for  some 52 isotopes  indicates  that 
the neutron energy fo r  which the first resonance  occurs is relate& t o  
the magnitude of the thermal absorption cross section. The empirical 
relation  obtained i s  in   qual i ta t ive agreement with the resu l t s  of a 
simplified  version of the resonance. theory of the nucleus of Breit-Wigner. 

INTROCUCTION 

The sparsity of information  concerning neutron cross section  for 
stable  isotopes  in  the  rather wfde neutron energy  range occurring 
nuclear  reactors makes evaluation of the  influence of materiah t o  be 
used in  reactors  quite diff icul t .  I n  particulm,  neutron  absorption 
data   are   in  many cases  almost  completely lac king^ for  most isotopes, 
only the thermal  values asd a f e w  Isolated higher energy values  are 
known. For many nuclel,  neutron  resonances  occur a t   pa r t i cu lm neutron 
energies in   the neighborhood of wbich very large cross  sections  are 
observed. A s  inafcated i n  reference 1, appreciable  portions of these 
resonances may be absorptive. 

The theory of  neutron  capture would provide a means for  computing 
cross sections if it were possible to carry  out  the  necessmy  calcu- 
lations with respect t o  the nuclear  energy levels of the campound 
nucleus. Such calculations have proved, for the most par t ,   to  be 
impossible. The theory, however, does indicate  the  absorption cross 
section below the first resonance to vary inversely as the  neutron 

~ velocity. Knowledge.of the  position and width of the f irst  resonance 
- would determine the  neutron  enerpy for  which the  inverse-velocity 

variation of absorption  cross  section  ceases. 

- From examination of published data for some 52 stable  isotopes, 
it is  shown that it is possible t o  obtain az1 estimate of the neutron 



2 

energy at which’the  first  resonance occurs f r o m  the  thermal neutron 
absorption cross section.  The  empirical  relation  obtained from the 
e-erimental  information  is in qualitative  agreement  with  the Indi- 
cations  of a sFmplified  version of the resonance  theory of the mcleus 
of Breit-Wigner . 

The  physical  data  for 34 isotopes,  for  which  the thermal absorption 
cross  section aath k d  the  neutron energy for  the  first  resonance 

table I. 
have  been  assigned  with  reasonable  assurance, are presented in 

neutron  cross-section  data  were  taken  principally  from  reference 2 
in  which  the  graphs of totd.cross section 88 a function of neutron 
energy  served to locate  generally  the  first few well-defined  resonances. 
The specific  energies  at which-the resonances  occurred and isotopic 
aesignment  were  verified  for  most  of  the  isotopes from the  original 
papers  referred  to in reference 2. A few  elements  listed,  composed of 
a number of isotopes, contain a single preponderant isotope; the first 
strong  resonance,  indicated on the  total  cross-section curve was assigned 
to this  isotope. 

* 
P 

For  elements  for which fairly compiete data are.  available,  there 
is usually a small gap  in the total  cross-section curve in the  neutron 
energy  range  between  the  upper limit available from slow neutron 
spectrometers and the lower limit of particle  accelerator neutron 
sources.  Where values of  totel  cross  sections at these‘  lim.lts  matched, 
it was assumed that no resonances  occurred in t h i s  gap. 

Isotopic thermal absorption  crosa  sections and relative  isotopic 
abundances of the  elements  were  taken from references 3 to 7; the  .pile- 
oscillator  values of thermal  absorption  cross  section  %re  chosen 
wherever  available. A few unknown isotopic  thermal  absorption  cross 
sections  were  estimated f r o m  the hwn thermal  absorption cross sections 

Additional  resonance  data  were.obtained frm references 8 to 13. 

. .  . 

. . -  

+for the  other  isotopes  of  the  element and the relative  isotopic & a c e s .  - 

Data on nine elements,  each  consisting  principally  of two isotopes 
with known thermal-absorption cross sections and having well-defined 
resonazlce  peaks on the  total  cross-sectinn  curves-&e presented i n  
table 11. The  lowest two reaonance peaks have  been  assigned  to  .the 
two individual isotopes  in  accordance  with an empirical  relation  to be 
observed from the  data of table I. 
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CORRELATION OF TBHiMAL ABSaRPTIOE CROSS SECTION 

. 

W I T H  NEUTRON EWESGY FOR FlRsT RFISOEIANCE 

The dependence of thermal-absorption  cross-section  (corres- 
. =%I 

pond- to  an energy of 0.025 ev) on the neutron  energy f o r  the first 
resonance ER fo r  the isotopes of table I ks presented i n  figure 1. 
The even-even, even-odd,  odd-even, and odd-odd nuclei  are  indicated as 

nuclei,  there is a general  correlation between cr- asd %. It i s  
apparent that increases  with  decreasing uath rather  irrkgularly . 
It is, however, impossible t o  draw any conclusions  concerning 'differ- 
ences i n  the behador of  even-even,  even-odd, &nd odd-even nuclei. 

such. With the  exception of the two odd-odd lithium and nitrogen 

The dependence of aath on % f o r  the nine pairs of isotopes 
of table I1 i s  presented i n  figure 2. The welr-defined  resonances f o r  

a c c o r b c e  with the general  relation  represented  in  figure 1. All of 
these isotopes happen t o  be odd-even- nuclei with exception of the odd- . 
odd boron isotope. Again, although  the  scatter i n  the data i s  lmge, 
the same genera  re la t ion holds. 

' each element have been.assigned t o  the  isotopes of the element i n  

m y s i s  in reference 13 cs the B ~ O  neutron  cross-section data 
indicates  the  presence of resonances a t  energies below the well-defi~ed 
resonance a t  2 Mev; the  reference  suggests that a rnzniber of resonances 
combine t o  forni a broad peak ne& 100,toOo electron volts. For  energies 
in   t he  region of 100,000 electron volts, the odd-& boron isotope 
st i l l  departs  significantly from the  other  nuclei. 

A reason f o r  the  large  acatter at the high energy  resonances may 
be the following: The l o w  energy first resonances axe observed princi- 

emission is the dominaat absorption  reaction. The neutrons  involved 
have minimum angular momentum, and resonance  processes  involving them 
would  be expected to be related to the thermal cross  section, which is 
also due to  these s-neutrons. The high energy f irst  resonances  occur 
mainly i n  light nuclei involving neutron  capture with emission of 
various particles;  the neutrons involved may possess one or m o r e  units 
of angular momentum, so the resonance  processes me not  expected t o  be 
related t o  the therma3-absorption  process. For example, as c i t e d   i n  
reference 14, the resonance  absorption of neutrons by Li6 with alpha 
emission a t  energies of about 250,000 ev is known t o  be due to  p-neutrons 
(neutrons with one orbi ta l  unit of angular momentum) . 

. p a l l y   i n  heavy nuclei  for which neutron  capture with gag+ or  beta 

The data of figures 1 and 2 are replotted Fn figure 3 f o r  compazi- 
son. The paired  isotopic data faU within the sca t te r  of the  data of 
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figure 1. Except for the  three &-odd nuclei ~ 6 ,  90, ~ 1 4 ,  
all of the avail&ble isotopic data have some measure of correlation. 

Additional  contributory evidence of the validity of the general 
relation  indicated in figure 3 is presented i n  table III. The resonance 
energies  qualitatively  indicated in the table fall .within  the  scatter 
of data in.figure 3. 

IMPLICATIONS FROM mEuTRON RESONANCE THEORY 

The general dependence of. dath on S, shown i n  figure 3 may 
be  explained by the theory of excited states of the compound nucleus. 
Development and application of this theory  are  presented i n  refer- 
ences 15 and 16; it w i l l  be shown that after introducing some f a i r l y  
general  experimental  information  into  the  theory, the theory  approxi- 
mates the experimental data concerning the Fhdividual nuclei. 

The cross section for an absorption or scattering  process as a 
function of the energy of the incident  particle  near an isolated 
resonance is given by the Breit-Wigner s ing le   l eve l   fomla .  Inasmuch 
as the data i n  question  are concerned with energies below the first 
level, the single leve l  formule, w i l l  e s s e n t f u y  give  correct result8 
down t o  very low energies. 

The absorption cross section G a  for  a neutron of kinetic energy 
E incident upon a rmcleus with a resonance level  occurring a t  a 
neutron energy- ER (both  energies measured in the center of m a s s  

[: + (E-%)2 J 
where 23cX and 23c% are the neutron wave lengths  corresponding t o  
the  energies E and Ep, respectively, and I'a and r n  axe the energy 
widths for  the emission of a p r a y  or  a charged particle  (neutron 
capture) and the emissfon of a neutron  (scattering),  respectively, a t  
the energy ER. The t o t a l  width. I' is given by the sum of the pa r t i a l  
widths Fa and rn, w h i c h  are measures of the relative probability 
of neutron  absorption and scattering. 

The quantity g is a s t a t i s t i ca l  weight factor determining the 
fraction of the to t a l  resonance s ta tes  of the compound nucleus corres- 
ponding t o  a p a z t i c a w  pro.ce;ss. If a neutron has no angular momentum 
with  respect  to tlie nucleus by which it is captured, which is usually 
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the case, and if t h i s  nucleus has the spin I, then  the  quantity g 
is given by 

g = z ( l +  1 21 l )  + 1 

For large I, g has a value of about z, f o r  I equal t o  zero, 1. 

on ly  the  plus  sign i s  significant and g has its maximum value of 1; 
it has i t s  minimum value of for  I of z. ' If, for  simplicity, a 
v a h e  of g equal t o  i e  introduced in equation (l), the  lazgest 
error  result ing i n  C a  is  a factor of 2. 

1 

1 

The remaining quantit i tes  affecting Ga are the  neutron absorp- 
t ion and scattering widths ra and rn. Ebnpirical and theoretical 
rules f o r  estimating  these  values for irasious nuclei are presented i n  
references 15 and 16. The absorption width r a  corresponding to  the 
emission of p r a y s  or of charged gar t ic les  ha8 been inferred from 
experimental  data. Bethe (reference 15); has summarized the results 
f o r  widths corresponding t o   p r a y  emmission; his  resul ts   indicate   that .  
ra are of the  order of 0.1 t o  1 electron  volt f o r  most of the medium ' 

heavy nuclei; f o r  light nuclei (aa obtdned from proton  capture b t a )  
ra is of the  order of 1 t o  10 d e c t r o n  volts. An approximate express- 
ion for  the neutron width may be  obtained from eqerimental data 
summesized i n  references 15 and 17 and from the theoretical  discussion 
i n  references 16 aad 18. The resul ts   cas  be represented by the.follow- 
ing equation : 

where C is constant for a  given  nucleus and varies from -Lo 
1 

(ev) - for  various nuclei and D is the resonance leve l  spacing. 

The resonance level  spachg D is not known f o r  most nuclei. If, 
however, D i s  taken as being  agproximately  equal t o  the kinetic energy 

becomes 
of the nF t rons  corresponding to  the first resonance, equation (3) 

In order t o  check the values of ra and rn given and t o  determine 
C of equation (4) more precisely,  use is made of the experimental data 
of reference 1 w-hereln measurements of resonance scattering and reso- 
nace absorption i n t e g r a s  and average values of the resonance scattering 
fraction r& are presented f o r  a number of elements and isotopes. 
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From these  data,  values of gI' have been C e t e d j  by assuming a 
value of g of 2 (for reasons.explained  previously)  the  width values 
rn and ra have  been  calculated  for  these-  elements  and  isotopes. 
These  data m e  presented I n .  table IV. The  widths r n  and ra m e  
also represented  as a function of E& in  figures 4 and 5, respectively. N' 

The  dependence of rn on E-R is reasonably well represented by equa- E 
tion ( 4 )  with c = 5X10-4  (ev) - ', which  is  represented  by  the  straight 
line in figure 4. The  absorption  wtdtha ra increase  with ER 8,s 
indicated  in  figure 5; the  average  is  about 0.1 electron  volt &B claimed 
by  Bethe. 

1 - 

1 

If the  absorption cross section is measured in barns  and  neutron 
energies  and  widths  are  measured  in.electron  volts,  the  eingle  resonance 
level  formula of equation (1) &y be  written .. 

Using a va,lue.of g of z and width .rn as given  by  equation (4) 
1 

with a value of C of 5X10'*, the  absorption cross section  ba is 
given  by 

For .resonance  energ5es  abq- 1 electron.  volt,  the  effect of the 
total  width in equation (5) or (6) is  negligible ao that  the thermal -. . . -  .. ""- 
absorption  cross  section cr&th evaluated  at E equal t o  0.025 electron 
volt may be given by 

Inasmuch a s '  ra is.almost independent of m, equation (7)  provides 
the  reason for the  correlation  between  d&th and ER. 
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Equation (7) with the assumption of ra of 0.1 electron  volt J 

is plotted  in  rigure 3 . U  appears  to  agree r e l y  well  with  the eqeri- 
mentd resonance  data  of the medium asd heavy nuclei where  the assunrp- 
tions  made e e   m s t  valid.  Equation (7) with a ra of 10 electron 
volts, as appropriate  for  the  case of =gat nuclei (in accordance with 
stmuary of experimental  data in reference 15), is d s o  plot ted on 
figure 3 and  is in fairly  good  agreement  with  the experimental results . 
obtained  for  light nuclei. 

m e  isotopes ~$57; Qm149, and have resonance  energies 
which  are smal l  compared with their  widths so that  equation (I) doe6 
not apply. The thermal-absorption cross section  at 0.025 electron volt 
for  is an average over. the  thermal spectrum of neutrons  and so 
includes  considerable  contribution  from.the  resonance peek. It is not 
surprising,  therefore,  that  these  isotopes (fig. 3) show  cross  sections 
in excess of that given by equation (7). 

Examination of published  data for some 34 isotopes  indicates that 
the  neutron  energy  for  which  the  first  resonance is observed i e  related 
to the  magnitude of the  thermal  absorption  cross  section in a way 
indicated by the  theory of the  compound ~ U C ~ ~ U S .  

The  empirical  relation  is  applied to nine pairs of a , t i o n a l  
isotopes  with  well-defined  resonances,  but ufth uncertain  isotopic 
assignment,  as-additional  evidence of the correlation. 
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2 ~ e 4  
3Li6 
4Be9 

7 N I 4  
6Cl2 
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TABLE I - ISOTOPIC DATA T ., 
lbundance 
Ln element 
[percent  ) 

100 
7.30 

100 

98.89 
99.64 
99.76 
100 
100 

78.98 
100 

92.19 

95.06 
96.92 

100 
100 
100 

4.12 
7.9 

100 
26.7 
51.35 
48.65 
12.34 

7.66 

13.04 
26 63 
52  23 
15.71 

100 

100 
28.64 
38.5- 
61.5 
100 

"ath 
:barns) 

0.006 
890 
.0385 

.0035 
1.86 
.001 
.01 
.47 
.027 
.22 
:08 

.48 

.GO02 

4.72 
1 2  ..8 
34 -2 

1 
13.7 
150 
11 

30 .O 

83.7 
24,000 

1.40 
6.06 

65,000 
135 
240 

!40,000 
21.3 

34 
1000 

130 
95 

ER 
( 4  

L,100,0oc 
270 000 
625,000 

I 600,000 
500,000 
440,000 
35,000 
3,000 

230,000 
2,300 

600,000 

111,000 
255,000 

2 700 
345 
120 
480 
95 

I .30 
24 
1 6  

5.1 
0.17 
110 

20.3 
0.096 

10 .o 
0.465 
0.031 

4.1 
18 

0.620 
1.29 
4.8 

N 
N w 
Lu 

. . .  - 
I 

a 
Estimated from values of aath known f o r  other isotopes 

i n   e l emen t  and relative isotopic   abundances.  
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E I s o t o p e  

TABLE I1 - PAIRED ISOTOPES 

lbundance 
Ln element 
1 p e r c e n t  ) 

18.83 
81.17 
93.08 
6 3 1  

69.09 
30 091 
60 - 2  
39.8 
50.57 
49.43 

4.16 
95 . 84 
57.25 
42875 
37.07 
62.93 
29.52 
70 . 48 

uath 
(barns ) 
3800 
0 -05 
2.13 
1.0 
4.3 
2.1  
1.5 
3.4 

10.9 
2.25 
' 58 
197 

6.8 
2.5 ' 

101 ' 

75 
7.6 

0.11 

-r 
3ef erencc 

(a) 

(a). 
5 

5 
3 
3 
3 
3 

' 5  
5 
5 
5 
5 
5 
5 
5 
5 
5 

2,000,03c 
430,000 

70,000 
305,030 

570 
3000 

278 
100 
34 

125 
3.0 

- 1.44 
5.8 

15 
2.16 
4.5 
230 

4300 

Reference  

a 
Estimated from values of uath known f o r   o t h e r  isotopes 
fn element and relative i so top ic  abundancea. 

bData o b t a i n e d  at Columbia U n i v e r s i t y .  
c 

0- 
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Abundance 
in element 
(percent ) 

99.60 
100 
100 
51.46 

100 
100 
100 

. .. 

TABLE I11 - CONTRIBUTORY EVIDENCE 

'ath Reference Resonance energy 
(barns) 

0.60 
11.8 
4.14 
.. 11 
1.06 
8 .% 
.015 

' 3  

Resonance dip at 800,000 ev mag be 3 
Resonance cited at 100-1000 ev 4 
Resonance cited at 1000-10,000 ev 4 
Resonance above 10,000 ev  suggested 

due to most abundant isotope 
4 No resonance apparent below 1000 ev 
4 No reaOnance apparent below 700 eir 
3 No re6onance apparent below 1.4 Mev 

I 1 

. ... .. 

3eference 

12 
1 
1 
13 

14 
2 
2 

ZFZZ 
. .  . . .  



TABLE IV - NEUTRON RESONANCE SCATTERING AND ABSORPTION 

WIDTHS AS CALCULATED FROM EXPERIMENTAL 

DATA OF REFERENCE 1 

h 
[barn@ ) 
0.22 
12.8 
34.2 
3.6 
2.8 
4.1 

L 50 

30.0 

83.7 
5 .3 
6 -06 

L 35 
LO2 

21 *3 
34 
84 

95 
7.6 

ER 
(-4 

2300 
345 
120 

dl000 
I 200 
500 
1.3f 
15 
5.1  

- 5  

20.3 
10 

- 1  
4.1 
18 
- 3  

4.8 
230 

- 
rrl. 
r - - 

1.99 . 99 
. 94 
.95 
.9s 
72 
-043 
a 0 7 1  
-038 
.21 . 31 
.66 
-17 
.12 
81 

rn 11 . 14 . 80 

11.8 
12.5 
1.58 
9 -40 
1.35 
e89 . 0052 
.067 . 20 
0050 
055 . 17 
-0323 . 020 . 16 . 012 
-060 
.80 

%la 
(ev) 

23.3 
24.8 
2.96 
17.9 
2.57 
1.28 . 0005 
.0095 
-015 
.0021 . 034 . 22 
.0008 
-0047 
?. 26 
-0026 
-017 

1.27 

L a  (-1 
3.24 . 25 
.19 
.94 . 13 
. 50 . 01 . 12 . 39 
.008 
.076 
.I1 
-004 . 034 
‘061 
bo21 
10 
.32 

a Calculated using statlstical welght factor g of - 1 2’ 
e 
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Figure  1. - Iaotopia thermal neutron absorption CTOBB aeation as re leted   to  neutron energy for first 
reaonance. 
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F b e  2. - Isotopic thermal neutron absorption cross seation as related to neutron energy for 
first resonance for paired isotopee. 
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Bigure 3. - Ieatoplc tbrmal neutron absorgtion croaa eectlon a? related  experimentally t o  neutron 
energy for first m8onance and qualitative indiuations or B r e l t - W i p e r  elngle  level formuls. 
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Ffgure .4* - Variation of neutron scattering wldth with reaomnce 
energy as oalculated from  data of reference 1. Statistical 
weight factor g aesumed equal to 112, 
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Figure 5. - Varlatlon of neutron absorption width with reaomnce 
energy calculated from data of reference 1. Statistical 
weight Paator g a 8 8 ~ 3 d  equal to 112. 
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